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METRIC CONVERSIONS

Factors for converting inch-pound units to metric (International System)
units are given in the following table:

Multiply inch-pound unit By To obtain metric units
cubic foot per second (ft®/s) 0.02832 cubic meter per second
cubic foot per second per foot 0.0929 cubic meter per second per meter
[(ft2/s)/ft]
foot (ft) 0.3048 meter
foot per second (ft/s) 0.3048 meter per second
foot squared per second (ft?/s) 0.0929 meter squared per second

Sea Level: In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called "Mean Sea Level of 1929."
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ANALYSIS OF WATER SURFACE AND FLOW DISTRIBUTION FOR
THE DESIGN FLOOD AT A PROPOSED HIGHWAY CROSSING
OF THE SABINE RIVER NEAR TATUM, TEXAS

By
J.J. Gilbert and D.R. Myers

ABSTRACT

The hydrautlic effects of the proposed Texas Highway 43 crossing of the
Sabine River near Tatum, Texas, were determined on the basis of results from a
two-dimensional finite-element surface-water-flow model. In planning the re-
placement crossing by the Texas State Department of Highways and Public
Transportation, approximations of apportionment of flow among the openings and
velocities within the openings were of concern. The model was used to simu-
late flow in the river floodplain system for the proposed design, an alternate
design, and for the natural condition. The proposed bridge design by the
State Department of Highways and Public Transportation consisted of a 320-foot
main channel opening, four left overflow bridges with widths of 120, 320, 320,
and 280 feet, and one right overflow opening with a width of 440 feet. The
alternate design consisted of a 950-foot main channel opening, three left
overflow bridges with widths of 320, 320, and 280 feet, and one right overflow
opening with a width of 200 feet. Preliminary one-dimensional computations
were used as an aid in establishing the boundary conditions for the two-
dimensional analysis.

The analysis evaluates the interaction of complex hydraulic characteris-
tics of varied features found at many multiple-opening highway crossings.
Valid applications of accepted standard one-dimensional techniques would not
reveal some aspects of the overall hydraulics of the crossing.

The simulation of the proposed design shows, among other things, which
openings are the most productive per foot of bridge length. The results of
the two-dimensional simulation of the proposed design indicate some dif-
ferences in the apportionment of flow among the openings when compared to the
one-dimensional proposed crossing computations. The alternate design results
in computed water-surface altitudes which were slightly lower than those of
the proposed design. The alternate design would require less modification to
the existing embankment. Velocities computed within the openings and at the
bridge abutments, using the two-dimensional model, were within the design
specifications of the State Department of Highways and Public Transportion.

The simulations of the proposed and alternate designs indicate a lateral
component of the water-surface slope at the embankment. Redistribution of
flow across the floodplain also is indicated in both simulations. Some of the
differences in the response between the two designs are affected by geometric
features of the floodplain other than the embankment-opening geometry.
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The design of a highway crossing
balance of embankment and bridge sectio
the roadway and produce hydraulic co
The use of FESWMS (finite-element surfa
the Federal Highway Administration a
dimensional laterally averaged flow has
in complex highway-crossing design.
calibrated model was verified by repr
Froehlich, 1987). The design analyst n
and conditions which previously had to
parameter.

The existing Texas Highway 43 cros
sidered to be inadequate, and is
proposed crossing has six openings for
openings. In consideration of previ
Texas State Department of Highways and
an evaluation of this crossing to test

Purpose a

CTION

over a wide floodplain is an intricate
s that conform to the design 1imits of
ditions that are within design values.
e-water modeling system), developed by
d the U.S. Geological Survey, for two-
contributed greatly to the confidence

Recent applications have shown that a
ducing a later flood (Gilbert and
w has the ability to evaluate features
e neglected or 1lumped into another

ing has five bridge openings, is con-
eing redesigned for replacement. The
d by modification of the existing
ous two-dimensional investigations, the
Public Transportation (SDHPT) initiated
the adequacy of the proposed design.

nd ScopL

The purpose of this investigati
teristics associated with a proposed hi
Tatum, Texas. The hydraulic charac
among openings, two-dimensional velocit
water-surface altitudes in the area.
showed potential for improvement, an al
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DESCRIPTION OF

The proposed highway crossing of
the current (1988) Texas Highway 43 bri
east of Tatum (fig. 1).
downstream from the highway crossing, i

The main channel consists primariily of
stable for the
Overbanks generally are heavily wooded with s
of the Towest points in the main channel range
boundary to 211 ft near the upstream boundary.

shifting, but is considered

range from about 226 ft in the eastern
feet 1in the western part. Along

The study area

Texas State Department of Highways and
her and Donald Harley, Federal Highway
ed. Permission by landowners allowing
uch appreciated.

THE STUDY AREA

the Sabfine River is a reconstruction of
dges and embankments about 4 mi north-
, which extends about 3 mi upstream and
s in Papola and Rusk Counties.

and and shale and is subject to
scale of this investigation.
me thick underbrush. Altitudes
from 197 ft near the downstream
Altitudes of the floodplain
part of| the study area to about 230
the highway, floodplain altitudes are
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slightly greater than 230 ft at the rig

ft at the main channel and left overflo

ht overiflow and slightly less than 230
bridges.

The width of the channel,

from high bank to high bank, ranges from 200 'to 400 ft, generally increasing

in the downstream direction.

Minor channels in the floodplain dare relatively ineffective and were not

modeled in detail.

Spring Creek, which enters the floodplain on the left bank
just downstream of the highway crossing, is bridged by the highway.

Because

flow from the Sabine River does not pass under this bridge for a flood of the

design magnitude, it was not considered

The existing crossing has five open
950 ft, one right overflow bridge with a
flow bridges with widths of 320, 200, an

six openings: a 320-ft main channel

in the

width

channel originally spanned by the main channel

with a width of 440 ft, and three left overf

320, and 280 ft (fig. 1).

1d 240 f
opening

analysis.

ings, the main channel with a width of

of 200 ft, and three left over-
t. The proposed crossing has
, 4 120-ft bridge over an oxbow
bridge, a right overflow bridge
low bridges with widths of 320,

In the proposed crossing, all existing openings are

modified except for the first left overflow (table 1).

Table 1.--Embankment-opening widthg for the existing,
proposed, and alternate designs
Bridge width
Opening (feet)
Existing 'roposed Alternate
Right overflow 200 440 200
Main channel 950 320 950
Oxbow overflow 0 120 0
First left overflow 320 320 320
Second left overflow 2?0 320 320
Third left overflow 240 280 280

Flood Records

Flood records at the Sabine River
1884. The highest stage of record i
April 4, 1945. The discharge correspo
123,000 ft*/s. The second highest f
sea level occurred in May 1884.

Flood Frequency

!

ing to

Data taken from the Geological Sur
Tatum were wused by the SDHPT to
hydrologic-analysis procedure for a gag
associated water-surface altitudes fr
given in table 2. The design flood con
recurrence interval.

vey gag

pd site
pm the
5idered

pstimate

aging station near Tatum begin in May
238.0 ft above sea level, occurring on

this stage is estimated at

lood-stage record of about 236 ft above

ing station at Sabine River near
design discharges using the
.  The estimated discharges and
stage-discharge relationship are
for this study has a 50-year




Table 2.--Discharge and water-surface altitudes of floods of
specified recurrence intervals, Sabine River near Tatum

Recurrence Discharge Altitude
interval (cubic feet above sea level
per second) (feet)
10 years 45,700 232.8
25 years 74,000 235.1
50 years 102,700 236.9
100 years 139,400 238.8

DESCRIPTION OF MODELING SYSTEM

The FESWMS-2DH (finite-element surface-water modeling system for two-
dimensional flow 1in the horizontal direction), hereafter referred to as
FESWMS, is a modular set of computer programs developed specifically for
modeling surface-water flows where the flow is essentially two-dimensionail in
the horizontal plane (Lee and others, 1982). The system consists of data pre-
processing and postprocessing utilities in addition to the central flow model.

Preprocessing programs are used to edit and plot input data and arrange
them in appropriate formats for wuse by the flow model. Postprocessing
programs are used to plot maps of velocity vectors, water-surface altitudes,
and Tlines of equal difference in altitudes between simulations. The flow
model solves the vertically-averaged equations of motion and continuity using
the finite-element method of analysis to obtain the depth-averaged velocities
and flow depths. A detailed description of the modeling system is beyond the
scope of this report. Therefore, only the governing equations and a brief
outline of the solution technique are presented.

Governing Equations

A fundamental requirement of any numerical model is a satisfactory quan-
titative description of the physical processes that are involved. The
equations that govern hydrodynamic behavior are based on the concepts of con-
servation of mass (continuity) and momentum (motion). By integrating the
three-dimensional equations over the water depth and assuming a constant fluid
density, a set of three equations appropriate for modeling flow in shallow
water bodies is obtained. Because the flow is assumed to be in a horizontal
direction, it 1is convenient to use a right-hand Cartesian coordinate system
with the x and y axes in the horizontal plane and the z axis directed upwards
as shown in figure 2. The x, y, and z components of velocity are denoted by
u, v, and w, respectively; Zy is the bed or ground-surface altitude, zg is the

water-surface altitude, H is the depth of flow, and t is time.
The depth-averaged continuity equation is

aH . 3 3 _
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in which U and V are the depth-averaged values of the horizontal velocities u

and v, respectively. The depth-averaged conservation-of-momentum eqguation

the x direction is

3 3 3 3
3 (HU) + X (uuuHUU) + 3y (auvHUV) + gHEY (H + Zb)

2 2)1/2

- gHV - %o cC W cos vy +c.U (U2 +V
P w v f

3 Ay (3V , 3U 3 Ay (U, 3V L
- ax BH Gy + ) - ay [H (5§ taxl =0

and the depth-averaged equation of motion in the y direction is

d 3 ] ]
3 (HV) + X (auvHVU) + ' (uvaVV) + gH 3y (H + zb)

2 1/2

' P . 2 2
+ HU - ;ﬁ c H° siny + cV (U5 + V)

3 [ay (3U , 3V Q_ pay (VL 3Vyy o
T X [»H (ay + ax)] T ooy [vH (ay + ay)] =0,

in Wh'iCh auu, qu’ vV

o = Coriolis parameter (radians per second),

o, = momentum correction coefficients (dimensionless),

in

(2)

(3)

g = gravitational acceleration (foot squared per second),

p = density of water (slugs per cubic foot),
= density of air (slugs per cubic foot),

c, = wind friction coefficient (dimensionless),
Ce = bottom friction coefficient (dimensionless),
squared per

~ = depth-averaged eddy viscosity (foot
second),
W = local wind velocity (foot per second),

v = angle between the wind direction and the positive x

axis (degrees), and
t = time in seconds.

The bottom friction coefficient can be computed either as

_ 2
Cf - g/c ’

(4)

in which C is the Chezy discharge coefficient (foot to the one-half power per

second) or as

¢ = gnZ/2.208 H1/3,

-7-
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where n is Manning's roughness coeffi
power).

The effect of turbulence is mo
concept, which assumes the turbulent st
averaged velocity gradients. The eddy
quantity in a mathematical sense. Rath
when multiplied by the mean-velocity gr
stress due to turbulence is obtained.

For the simulation of steady-stat
River, the time-derivative terms were s
force due to the Earth's rotation
sidered negligible and set to zero.
equations consist of velocity component

surface altitudes at open boundaries, and zero-velocity components or

normal flow at all other boundaries.

ient (second per foot to the one-third

eled using Boussenesq's eddy-viscosity
esses to be proportional to the depth-
viscosity is not a true depth-averaged
r, this value is defined such that
dients, the appropriate depth-averaged

flow in the study reach of the Sabine
t to zero. In addition, the Coriolis
s well las wind friction also were con-
oundary conditions for the set of
, unit-discharge components, or water-
zero

Solution Techniq e

The numerical technique used to so
the Galerkin finite-element method. In
being modeled is divided into elements
rangular in shape and can easily be arr
elements are defined by a series of
midside points, and at their centers in
Values of the dependent variables are
the nodal values by a set of interpolat

Approximations of the dependent
governing equations forming a residual
satisfied exactly. Weighted averages
tion region are computed using numerica
residuals to vanish allows solution for
In Galerkin's method, the weighting fun
those used to interpolate values of t
ment. Because the system of hydrod
Newton's iterative method is used to ob

MODELING

Defining the hydraulic characte
crossing of a wide floodplain is a proc

on the topographic and hydraulic conditfi

ing the study reach of the Sabine
computations, (2) collection of topogr
the finite-element network, (4) a
(5) simulation of the proposed embankm
sitivity of model parameters, (7) si
design, (8) simulation of the natural c
results. These steps are discussed in

ve the governing equations is based on
this method, the two-dimensional area
that may be either triangular or quad-
nged to fit complex boundaries. The
node points located at their vertices,
the case of nine-node quadrilaterals.
efined |within each element in terms of
on or shape functions.

variables are substituted 1into the
as the equations wusually are not
of the|residuals over the entire solu-
integration. Requiring the weighted
the values of the dependent variables.
tions are chosen to be the same as
e dependent variables within each ele-
namic flow equations is nonlinear,
ain a solution.

ROCEDURE

istics
ss tha
ons.
River
phic a
signme
nt des
ulatio
nditio
ore de

of a multiple-opening highway
t varies in complexity depending
The procedure followed in model-
includes: (1) preliminary
nd hydraulic data, (3) design of
nt of boundary conditions,
ign, (6) examination of the sen-
n of an alternate embankment
n, and (9) interpretation of the
tail in the following sections.




Preliminary Computations

A one-dimensional WSPRO (water-surface profile) computation model
(Shearman and others, 1986) was used to estimate the startirng downstream-
boundary altitude for FESWMS. The computed water-surface profile also was
used to estimate the edges of the floodplain throughout the study reach to be
approximated with the two-dimensional model network. Both models were
developed by the Geological Survey in cooperation with the Federal Highway
Administration.

Study-Reach Definition

The study reach for WSPRO is defined by cross sections, their location in
terms of stream length, and roughness data. Cross sections were surveyed pre-
viously by SDHPT at the downstream boundary of the study area, at a pipeline
crossing about 1,500 ft downstream from the highway, and at the upstream
boundary of the study area. These cross sections approximate the natural con-
ditions of the study area. The surveys were conducted jointly by the SDHPT
and the Geological Survey.

Manning's roughness-coefficient ("n") values, used in WSPRO to compute
friction losses, were estimated by SDHPT personnel and confirmed by Geological
Survey personnel using on-site observations and infrared aerial photographs.
The "n" values vary horizontally at points in the cross section and in sub-
areas as required by changes in the vegetal growth. Values of "n" ranging
from 0.080 to 0.180 were used on the floodplain and 0.035 was used in the main
channel.

Computed Water-Surface-Altitude Profiles

Slope-conveyance computations were used to estimate a starting water-
surface altitude because flood documentation at the downstream boundary did
not exist. This computation is performed by WSPRO using values of discharge
and slope specified by the user. For a discharge of 102,700 ft®/s and a slope
of 0.0004 ft/ft, the water-surface altitude computed at the downstream bound-
ary is about 230.5 ft.

Topographic Data

Topographic data to describe the geometry of the system include a
description of the land surface and an evaluation of surface characteristics
to estimate roughness coefficients. Thirty-one representative and special
purpose cross-section surveys were made to define channel, floodplain, and em-
bankment geometry to be approximated by the wmodel network (fig. 3).
Additional detailed topographic information was obtained from SDHPT. Field
observations and infrared-aerial photographs of the study area were used to
determine vegetation type and density in the assignment of roughness coeffi-
cients. The collected data were supplemented by Geological Survey topographic
maps.
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Design of the Finite-Element Network

Network design is the process of subdividing the study area into a system
of elements that approximates the topography and hydraulics of the area. An
element represents an area defined by the coordinates of the nodes at the
corners of the triangle or quadrilateral. The basic goal of this subdivision
process is to obtain a representation of the study area that will provide an
adequate approximation of the true solution at a reasonable cost. This as-
sembly of elements is referred to as the finite-element grid or finite-
element network.

The common approach to network design is to develop a 1level of detail
slightly greater than the design scale would suggest. It is desirable to have
several similar and related computed values for an area than to have only one
(or no) computed values in that area. This generally will lead to a modeling
network that adequately defines the area, is flexible enough to adapt easily
to any alternate designs, and is numerically efficient.

The finite-element network shown in figure 3 was designed to closely rep-
resent the area expected to be inundated by the design flood based on the
preliminary one-dimensional profile. The network boundaries on the 1left and
right edges of the floodplain were located where ground-surface altitudes rise
above the expected water-surface altitude. The upstream (inflow) and
downstream (outflow) boundaries are 1located upstream and downstream of the
crossing at a distance greater than the width of the floodplain. The primary
purpose of locating flow boundaries an appreciable distance from the highway
crossing is to minimize the effect of any errors in boundary specifications on
the values computed at the highway crossing. Equally important in locating
upstream and downstream boundaries an appreciable distance from the crossing
is to ensure that modifications to the highway crossing have little effect on
the upstream- or downstream-boundary conditions.

After the boundaries were defined, the study area was divided into a net-
work of triangular elements. Each element was designed to represent an area
of nearly homogeneous vegetative cover. In areas where the direction of flow
is known, elements were elongated by a length to width ratio of 8 or 1less.
When changing the level of detail within the network, the ratio of the area of
adjacent elements was kept to less than 2 in most cases. Each node at the
element vertices was specified by the appropriate x and y coordinates and
ground-surface altitude. In areas where velocity, depth, or water-surface
gradients were expected to be large, such as near bridge openings and in areas
between overbanks and channel bottoms, network detail was increased to
facilitate simulation of the larger gradients by the flow model. The complex
geometry of the major features in the floodplain of the Sabine River was
defined in detail, and prototype lengths and widths were represented realisti-
cally.

Steady-State Approximation

There is not sufficient flood record to quantitatively evaluate the state
of flow that could be expected for a flood of the 50-year magnitude. In
general, a steady-state approximation is considered to provide sufficiently
accurate computations for many bridge design purposes. This assumption
provides simplication of the computational effort and, when appropriately

-11-



applied, does not significantly reduce model reliability. In the case of this
analysis, an unsteady flow computation would not be economically feasible
given the size and resolution of the nodal network.

Boundary Conditions

Boundary conditions specified for the network are considered either as
open boundaries or solid boundaries. Open boundaries may be specified in the
form of water-surface altitude, velocity, or unit discharge at a node. Solid
boundaries are specified as slip (tangential flow) or no-slip (zero flow).
The left and right edges of the floodplain as well as the faces of the embank-
ment are considered solid boundaries. A1l solid boundaries in this study are
specified as slip boundaries. The upstream (inflow) and downstream (outflow)
boundaries are defined as open boundaries.

At the upstream boundary, unit discharge was specified at each node to
distribute flow across the floodplain in such a way as to result in a computed
lateral water-surface slope that is approximately zero at the boundary. Unit
discharge is defined as the velocity times the depth at a point. It is con-
venient to think of unit discharge in terms of discharge per foot of width.

The downstream boundary was specified as  water-surface altitude. The
water-surface altitude specified is constant adross the boundary, resulting in
a computed lateral water-surface slope [that is approximately zero at the
downstream boundary. The determination of the most appropriate downstream-
boundary altitude was based on computations of water-surface altitude using
one-dimensional procedures. The altitude was determined to be 231 ft and was
used as the downstream boundary for the [two-dimensional simulations. In the
vicinity of the downstream boundary, severat nodes have an altitude between
230 and 231 ft. The model allows nodes |to become dry and consequently become
a boundary. However, the ability to|accurately use this feature requires a
greater level of detail in the network for those locations. The approximation
of the system represented as the finite-e]emen% network (fig. 3) does not have

a level of detail fine enough to allow elements to become dry near the
downstream boundary and still adequately define the general geometry of the
floodplain. The effects of a different boundary specification on the water-
surface altitudes computed at the highway crossing can be evaluated through
sensitivity analysis, discussed in sections to follow.

WATER SURFACE AND FLOW DISTRIBUTION

The proposed highway-crossing design was simulated using the values of
Manning's roughness coefficient ("n") shown in table 3, a base eddy viscosity
of 20, a discharge of 102,700 ft*/s, and a downstream altitude of 231.0 ft.
In discussions to follow, this simulation wil] be referred to as the proposed
simulation. Before a simulation for the desired boundary conditions can be
performed, some "warm-up" type simulations are|required.




Table 3.--Values of Manning's roughness coefficient ("n")
used in the proposed design

Location Manning's roughness

coefficient ("n") !
Floodplain area 0.140-0.120
Main channel .035- .030
At bridge openings, within the right-of-way .040- .035

! The two values shown are those used for different depths as
specified with the roughness coefficients. The smaller of the
two values is used for the deeper areas.

For the first iteration in the process of solving the flow equations, all
nodes are assigned values of depth which correspond to a water-surface al-
titude that is equal for all nodes in the network. A1l boundary conditions
remain the same during the simulation with the exception of the downstream
water-surface-altitude specification, which is reduced in increments during
"warm-up" iterations wuntil a simulation at the desired final-altitude
specification has converged.

The discharge computed through each structure by FESWMS and that appor-
tioned by the SDHPT is given in table 4. For any structure, the difference
between the two models in distributing the total discharge is within 6 percent
of the total discharge. The largest difference occurred at the main channel
opening.

Table 4.--Computed distribution of discharge among bridge openings
for one- and two-dimensional analyses of the proposed design

One-dimensional Two-dimensional
Opening analysis flow !* analysis flow ?
(percent) (percent)

Right overflow 14 11
Main channel 41 35
Oxbow overf low 6 9
First left overflow 12 14
Second left overflow 14 16
Third left overflow 13 15

! One-dimensional flow is as determined in proposed crossing-
design analysis by the Texas State Department of Highways
and Public Transportation.

2 Two-dimensional flow is as determined in two-dimensional
analysis by the U.S. Geological Survey.

The fall through each opening of the proposed embankment is equal to 0.26
ft for the one-dimensional technique (WSPRO) using the floodplain defined from

-13-



a cross section 36 ft upstream from the
from the two-dimensional technique (

existiJg roadway. The fall computed
FESWMS) was based on computed water-

surface altitudes at nodes at the upstream and downstream edges of the

opening. The two-dimensional-model comp
for all the openings except the right ov

utations reflect larger values of fall
erflow (table 5).

The important point

in comparing the results is not necessarily that the computed fall is larger,

but that the difference in fall is not consistent for all

fact, the computed value from the two-di
ing is significantly smaller than all
surface altitude for the proposed hi
form of contours in figure 4.
node points within the bridge openings
at node points within the bridge opening

the openings. In

mensional analysis for the right open-
other values.
ghway embankment is represented in the
The value for the depth-averaged
are shown in figure 5.

s are shown in figure 6.

The computed water-

velocity at
Unit discharge

Table 5.--Computed fall through bridge dpenings for the proposed

bridge design for one- and

two-dimensional analyses

{

0ne-d1mensio?a1 Two-dimensional

Opening analysis fall analysis fall
(foot) (foot)
Right overflow 0.26 0.02
Main channel .26 .42
Oxbow overf Tow .26 ‘ .46
First left overflow .26 | .33
Second left overflow .26 .52
Third left overfiow .26 .50

Water-surface contours near the upstream and downstream boundaries

are

generally perpendicular to the axis of the floodplain (fig. 4) indicating no

lateral flow. This is to be expected f¢
boundaries. Nearly one-dimensional
The contours near the highway crossing i
dicular of the axis of the floodplain
lateral flow.

F

or  the| conditions

Tow i

specified at the
simulated at these boundaries.

are skewed somewhat from the perpen-

On the upstream side of 1

, and this skewness is an indication of
the highway crossing, a water-surface

altitude of about 238.7 ft is computed at the right edge of the floodplain,

whereas an altitude of about 237.3 ft i
floodplain. This 1lateral water-surf
flow across the floodplain.

Examination of figure 5 shows t
about 6 ft/s occur at the center of the
largest computed velocities in the
about 4 ft/s. The right overflow has ¢C
ft/s.

Unit discharge is the product of t
can be considered a measure of discha
flow is the least productive per foot o
computed values of unit discharge und
(fig. 6). The main and oxbow channel

s computed at the 1left edge of the
ace slope indicates a redistribution of

hat the
main C
left o
omputed

greatest computed velocities of
hannel and oxbow openings. The
verflow openings range from 2 to
velocities of 1less than 1.5

he velo
rge per
width
r 20 (

have

city and depth at a node. It
foot of width. The right over-

of all the openings having
ft3/s)/ft throughout the opening
the 1largest values of unit

S

14-
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VELOCITY, IN FEET PER SECOND
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Figure 5.--Computed velocities within th

Right overflow opening
p~————0———0- <
- —0]
1 1 1 A 1 1 1
0 50 100 150 200 50 300 350 400 450
DISTANCE FROM|LEFT ABUTMENT, IN FEET

e bridge openings for the proposed design.
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discharge, ranging from 30 to 170 (ft®/s)/ft. A]] three remaining left over-
flow bridges perform similarly with computed values of unit discharge ranging
from about 20 to about 75 (ft®/s)/ft as shown in figure 6.

Four possible causes for this lateral flow and relative inefficiency of
the right overflow are believed to be: (1) the design of the bridge openings
at the highway crossing, (2) the lateral ground-surface variations in the
vicinity of the highway crossing, (3) some geometric or hydraulic feature
downstream from the highway crossing, or| (4) some combination of the above.

|
SENSITIVITY| ANALYSIS

The process of sensitivity analysfis is the comparison of the results of
two simulations, each having all but one of the input parameters identical. A
simulation wusing an alternate value of a parameter is then compared to the
simulation using the initial value of the parameter. The difference 1in the
results 1is the effect of changes in that parameter and is an indicator of the
sensitivity of that parameter to the solution. | A magnitude of change 1in any
parameter was chosen to be about 15 percent for two reasons: (1) to keep the
relative change in the parameters approxlimately equal among the sensitivity
analyses, and (2) to compare results that are based on values that commonly
have some meaning to the hydraulic analyst. As examples of the second reason-
ing, changes 1in the values of the Manniing's rpughness coefficient ("n") from
0.14 to 0.12 or from 0.040 to 0.035 are changes of about 15 percent in the
magnitude of the coefficient. A change of 0.5 ft in the water-surface-
altitude specification at the downstream boundary is about a 15-percent change
in depth of flow in the floodplain.

FESWMS (Finite-Element Surface-Water Modeling System) Model

For the simulations using FESWMS, the tested parameters were the
downstream-boundary specification of water-surface altitudes, Manning's rough-
ness coefficient ("n"), the upstream-boundary specification of discharge, and
the base eddy-viscosity coefficient. The finite-element network used for all
simulations was the same as for the proposed design simulation.

Downstream-Boundary Specification

Simulations were performed with downstream-boundary conditions that were
0.5 and 1.0 ft higher and lower than the initial-boundary condition of 231.0
ft. A 0.5-ft change is approximately equal to |a 15-percent change in depth in
the floodplain at the downstream boundany. A1l specifications of Manning's
roughness coefficient ("n"), discharge, and eddy viscosity remain the same as
those in the initial simulation. For changes of 0.5 and 1.0 ft below the
initial-boundary specification of 231.0 ft, the response of the model was
nearly identical in magnitude but opposite in sign for changes of 0.5 and 1.0
ft above the initial-boundary specification. A change of 1.0 ft in the
initial downstream-boundary specificatign results in a corresponding change of
about 0.1 ft at the left bank of the highway crossing (fig. 7).
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Manning's Roughness Coe

Manning's roughness coefficient (“n
losses 1in the stream system. The sensi
by modifying "n" value specifications by
results to the initial results. A 15-
reasonable measure of the variability in
change 1in "n" from 0.14 to 0.12 or from
about 15 percent.

A1l specifications of discharge,
base eddy viscosity remained the same as
tion. Values of "n" were varied a
throughout the entire network, (2) only
main channel, and (4) only within the em

The water-surface altitudes compute
with the proposed design simulation to
results. Comparison of the computed w
values used in the proposed design
simulators are shown in figures 8 and 9.

For a 15-percent change of "n"
values of water-surface altitude change
highway c¢rossing as shown in figure 8.
floodplain areas only, computed values o
slighty 1less than 0.7 ft at the emb
figure 9. An examination of these resul
sensitive to floodplain roughness than
openings. This supports the hypothesis
friction 1losses because the majority o
at the embankment.

Disch

The sensitivity of the model to cha
simulations: (1) a discharge of 118,100
design flood) and (2) a discharge of
design flood). Al11 values of downstre
roughness coefficient ("n"), and base e
the proposed simulation. For an increas
altitudes rose throughout the study a
changes in water-surface altitudes were
but opposite in sign as the test for an
ceptions to this generalization may be d
response from the changes in depths of
in total discharge changes the water-sur
highway crossing (fig. 10).

Base Eddy V

The eddy-viscosity coefficient is
energy losses in the system due to turbu

fficient ("n") Value

") value is used to compute friction
tivity of this parameter was evaluated
about 15 percent and comparing test
percent variability in "n" values is a
volved when choosing the values. A
0.040 to 0.035 represents a change of

downstream-boundary specification, and
those for the proposed design simula-
t several locations as follows: (1)
in the floodplain, (3) only in the
bankment openings.

d for these conditions can be compared
determine the effects on the solution
ater-surface altitudes for the "n"
and dified "n" values and selected

throughout the study reach, computed
by about 0.7 ft in the vicinity of the
For a 15-percent change in "n" in the
f water-surface altitude change by
ankment on the right bank, as shown in
ts indicate that the model is more
ko roughness in the channel and bridge
that floodplain roughness controls the
f flow is over floodplain areas except

arge

nges in discharge was evaluated by two
ft3/s (15 percent greater than the
B7,300 ft*/s (15 percent less than the
am-boundary specification, Manning's
ddy viscosity remained the same as for
e in discharge, computed water-surface
rea. For a decrease in discharge, the
approximately the same in magnitude
increase in discharge. Some minor ex-

he change in the floodplain

In general, a 15-percent change

ue to t
flow.
titudes by about 0.8 ft at the

face al

iscosity
a parameter used in the computation of
lence. Generally, higher values of

0-
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eddy viscosity tend to increase numeri
estimate the turbulent 1losses in the
use a value large enough to ensure conve
tions and then to decrease to a value as
numerical instability during the final s
of over-estimation of energy 1losses
model with sufficient numerical stabilit
the true solution.

The model has the capability to
proportionately with depth and velocity.
base eddy-viscosity coefficient and allo
node by an amount that is proportional t

The sensitivity of this parameter w
results wusing base eddy-viscosity val
all of the simulations (base values of 1
tions in base eddy viscosity result
altitudes. For a change in eddy viscosi
altitudes are lowered by about 0.4 ft i
11). For a change from 50 to 20 ft?/s,
about 0.1 ft in the vicinity of the em
value 1less than 20 ft?/s tended to
Considering that the use of a value
titudes less than 0.1 ft lower than the
ft2/s (a 150-percent increase), addition
eddy viscosity below 20 ft?/s would no
water-surface altitudes.

WSPRO (Water-Surfac

al stlbility, but may also over-
ystem. The selected procedure was to
gence during the ‘"warm-up" simula-
small as possible without introducing
mulations. This minimizes any effect
ue to turbulence and still provides a

to converge to an approximation of

ary the eddy-viscosity coefficient
This feature is used by specifying a
ing the model to adjust
the depth and velocity.

it at each

s evaluated by comparing simulation
es ranging from 20 to 150 ft?/s. For
0, 75, 50, 30, and 20 ft2/s), reduc-
d in |a lowering in water-surface
y from| 150 to 20 ft?/s, water-surface

the vicinity of the embankment (fig.

ater-surface altitudes are lowered
ankment (fig. 12). The use of a base
introduce numerical instability.

f 20 ft?/s produced water-surface al-
1titudes produced by a value of 50
1 reductions in the value of the base

significantly lower the computed

Profi%e) Model

Having gained some indications of
model, it is beneficial to know some
dimensional model wused for preliminary
of WSPRO was made for the parameters of
roughness coefficient ("n"), and dischar

Several water-surface profiles were
altitudes of 0.5 and 1.0 ft higher and
ft. Values of "n" and discharge remaine
titudes computed for changes in startin
figure 13. A 1.0-ft higher starting wat
of Tless than 0.2 ft at the location o
starting water-surface altitudes lower t
puted water-surface altitudes 1is ess
opposite in sign, as for higher starting
indication that computed values at th
not sensitive to changes in the starting
the downstream boundary.

A graph of water-surface altitude
reach for the proposed "n" values and
the "n" values is shown in figure 14. A
caused about a O0.7-ft change in water

he sensitivity of the two-dimensional
of tht sensitivities of the one-
computations. A sensitivity analysis
the downstream boundary, Manning's
e.

computed using starting water-surface
lower than the base altitude of 231.0
unchanged. The water-surface al-
water-surface altitudes are shown in
r-surface altitude results in a rise
the highway crossing. For values of
an the base flow, the change in com-
ntially the same 1in magnitude, but
water-surface altitudes. This is an
location of the highway crossing are
water-surface altitude specified at

ompar i
a 15-p
15-per
surfac

g distance along the study
rcent increase and decrease in
ent change in the "n" value

altitude in the center of the
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study area, where the bridges and highway embankments are located (fig. 14),
and about a 1.0-ft change at the upstream boundary. This is an indication
that the model is sensitive to changes in the "n" values. Consequently, the
values selected must be representative and consistent throughout the study
area for simulated water-surface altitudes to be reliable.

Water-surface altitudes that result from a 15-percent increase or
decrease in discharge are shown in figure 15. A 15-percent change from the
initial discharge will cause a change of about 0.7 ft in altitude near the
highway crossing and a change of about 0.9 ft at the upstream boundary. This
indicates that the model also is sensitive to changes in discharge.

SIMULATION OF ALTERNATE DESIGN

After examination of preliminary results and discussion with the SDHPT,
simulation of an alternate design proposed by SDHPT was performed. As pre-
viously mentioned, the right overflow conveyed the least amount of discharge
per unit width of the openings, whereas the main and oxbow channel openings
conveyed the greatest discharge per foot of width. Based on this, the alter-
nate design: (1) eliminates some of the proposed embankment between the main
channel and oxbow overflow openings, and (2) reduces the width of the right
overflow to 200 ft. This alternate design closely resembles the existing
bridge widths, differing only in the increase in widths at the second and
third left overflow bridges (table 1).

Network Modification

The finite-element network for the alternate design was created by adding
elements to represent modification of the embankment at the main channel open-
ing and removing some elements at the right overflow. The alternate design
was simulated wusing the same geometric and boundary data as the proposed em-
bankment design with the exception of the geometric changes of the embankment.

Results of the Simulation

The computed water-surface contours for the alternate simulation are
shown 1in figure 16. Computed water-surface contours are nearly identical to
the proposed simulation. Water-surface lowering for the area upstream from
the crossing was less than 0.1 ft at the edges of the floodplain. A lowering
of less than 0.1 ft also was computed for the area immediately downstream from
the right overflow bridge. There are rises of less than 0.1 ft in the water-
surface altitude in the areas immediately downstream from the main channel
opening and immediately upstream from the right overflow.

SIMULATION OF NATURAL CONDITIONS

The condition simulated without the embankment is considered to represent
the hydraulics of the study area under natural conditions. Computations of
any highway-crossing design can be compared to the results of this simulation
to establish the overall effects.
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Network Mod

|

ification

The simulation without the embankme
all the highway-embankment areas. The
roughness coefficient ("n") values e
floodplain. Ground-surface altitudes a
removed were assigned altitudes of the g
tions of downstream boundary, "n", dis
the same as those used in the proposed &

Results of the

nt was performed by adding elements in
added elements were assigned Manning's
qual to those of the surrounding
t nodes located where embankments were
urrounding floodplain. A1l specifica-
charge, and base eddy viscosity remain
nd alternate design simulations.

Simulation

Water-surface altitudes upstream fv
mediately downstream from the openings
without the embankments in place than in
simulations. Small rises in water-sur
the downstream side of the embankment wh
Tent in place. Water-surface contours

7.

The water surface where the hig
ponent, from right bank to left bank. T
indication of the redistribution of
when the effect of the highway is not co
much fall in the reach downstream from
upstream. The approximate ratio of fall
holds even without the highway embank
ground-surface altitudes above the 50-ye
results in a flow-area reduction for t
location is noted as the position where
tours become more skewed perpendicul
effect of this feature on the hydraulics
tributing factor on flow through the
change in water-surface slope is not det
downstream-boundary specification of
design data did not include a cross sect
location of the ridge.

BACKWATER A

The amount of backwater and drawdown cau
be determined by obtaining the difference in w

the simulations with the embankment and
and drawdown caused by the proposed hig

Indications of backwater downstream of an

monly recognized
profiles, but

in references on ¢
is a characteristic th

embankment and in the areas im-
in the embankment generally were lower
the proposed and alternate design
face altitude are computed in areas on
ere drawdown occurs with the embank-
for the simulation are shown in figure

om the

|
t

hway would be has a lateral slope com-
his lateral water-surface slope is an
flow across the floodplain that exists
nsider There is about twice as
the highway crossing than in the reach
through the upper and lower reaches
ment in place. Also, in this vicinity
ar flood altitude form a ridge which
he right bank of the floodplain. This
the slope change occurs and where con-
ar to the axis of the floodplain. The
at the crossing site may be a con-
proposﬁd right overflow opening. This
ected in the WSPRO computations with a
231 ft because the initial existing
ion representing the floodplain at the

D DRAWDOWN

sed by the highway crossing can

ater-surface altitude between
the embankment. The backwater
ssing is shown in figure 18.

ithout
ay cro

opening is not a response com-
computation of water-surface
been documented as occurring at

eneral
at has

crossings of wide floodplains (Schneider and others, 1977). The areas of
backwater, downstream from the Texas Highway 43 crossing, are relatively small
in magnitude and areal extent. In general, water-surface altitudes rise by
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about 0.4 to 0.6 ft in the areas immediately upstream from the embankment com-
pared to the water-surface altitudes without the highway embankment in place,
and increases of about 0.2 ft extend to near the upstream boundary.

SUMMARY AND CONCLUSIONS

The results of simulations of the proposed and alternate highway designs
allowed an evaluation of their relative hydraulic performance. The computed
values of unit discharge at the right overflow opening are the smallest of all
the openings. This is evidence that the right overflow is the least effective
per foot of width of all the openings.

The proposed highway crossing shows that the main channel opening and the
oxbow opening have the largest values of unit discharge. The smallest values
of unit discharge are in the right overflow opening.

The alternate highway design combines the main channel and oxbow openings
and reduces the opening of the right overflow producing an improvement in
hydraulic efficiency. The alternate design has combined openings of 2,070 ft
in comparison to the proposed 1,800 ft and the existing 1,910 ft.

In general, velocities computed within the bridge openings were all less
than 4 ft/s at the abutments. The one exception is at the right abutment of
the oxbow channel opening where the computed velocity is 5 ft/s. These values
of computed velocity are within the acceptable 1imits of the SDHPT.

The proposed and alternate designs result in computed water-surface al-
titudes upstream from the embankment of up to 0.6 ft above the computed
altitudes for natural conditions. The increase is less than 0.2 ft at the
upstream boundary for both designs.
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